INTRODUCTION

T
hree technological revolutions dramatically changed our view of biology. The genomic revolution gives us access to genome sequences of any organism of interest at low cost. The analytical revolution, especially with respect to mass spectrometry, allows us not only to detect the presence and the fluxes of any molecule in the cell but also to study its precise concentration under any desired condition. Last but not least, the informatics revolution paves the way for the evaluation of the tremendous data sets and for the generation of meaningful models and predictions of cellu-lar behavior. However, even knowledge of all components of a cell and of their precise concentrations does not give us a complete understanding of a living cell. For this, we have to consider all the functional interactions between different biological molecules and the dynamics of both the molecules and their interactions.
The complexity of all naturally existing organisms still precludes a deep understanding of the functions of all components of a cell and their interactions. Even small organisms such as bacteria are too complex to understand all processes in their cells. This is even the case for bacteria with naturally minimal genomes, as found in the genus Mycoplasma. These bacteria may have as few as 482 protein-coding genes and are still capable of independent life in the absence of any host cells. However, the functions of many Mycoplasma genes are so far unknown, and not the full gene set is essential, indicating that we are far from a full picture of these bacteria despite tremendous efforts in their analysis (1) (2) (3) (4) (5) (6) (7) (8) .
These limitations in our understanding of natural organisms call for a reduction of complexity: the creation of cells with a defined set of genes. Such cells can be obtained by applying either bottom-up or top-down approaches. The former approach has so far been pursued with the chemical synthesis of a bacterial genome and its application to create a semiartificial cell (9, 10) . In this case, a known genome was reduced and transplanted into a closely related host cell. With only 473 protein-coding genes, the recently achieved Mycoplasma mycoides JCVI-syn3.0 minigenome is so far the smallest semiartificially designed organism. Importantly, about one-third of the proteins in this minimal cell are of unknown function (10) . Moreover, there have been attempts to create so-called protocells, which are lipid vesicles that contain genetic material and/or enzymes (11) (12) (13) (14) . Even though protocells do not allow recapitulation of the evolutionary emergence of life, they are well-suited systems to study the physical and biochemical properties of basic cellular processes such as selfreproduction, permeability, enzymatic replication, and Darwinian evolution (15) (16) (17) . Reduction of complexity can also be achieved by a top-down approach that starts with existing bacteria and aims at consecutively reducing their complexity. This approach is, of course, very time-consuming; on the other hand, it allows advancing from step to step. Moreover, this iterative process of genome reduction allows the immediate discovery of possible problems and, thus, finding appropriate solutions. Genome reduction is a common theme in synthetic biology, not only for pure scientific curiosity but also from an industrial point of view to create workhorses for biotechnology. Ongoing projects of genome reduction have been reported for several intensively studied bacteria such as Bacillus subtilis, Corynebacterium glutamicum, Escherichia coli, Pseudomonas putida, and Streptomyces avermitilis (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) ; for a review, see reference 28) as well as for yeast (29) . All these projects are still far from the final goal, the minimal cell.
With the progress of genome reduction, it is necessary to define the set of genes that should be part of the final minimal genome. It is obvious that such a set of genes is determined by several factors, including the intended lifestyle of the final minimal cell, but also by the general biology of the organism that is to be reduced. Conceivably, a eukaryotic yeast cell will still contain a nucleus even at a late genome reduction stage. Similarly, the bacteria mentioned above differ strongly in their cellular organizations. For example, M. mycoides does not possess a cell wall, while the cell wall is differently structured yet essential in B. subtilis, C. glutamicum, and E. coli. In this work, we aim at defining the set of genes that is required for the life of a minimal cell based on B. subtilis. For several reasons, this bacterium is particularly well suited for genome minimization approaches. First, B. subtilis is one of the most intensively studied organisms, with extensive genome annotation and excellent knowledge of the major cellular processes. Second, the elaborated genetic system for B. subtilis makes all kinds of genetic manipulations very easy (see below). Finally, B. subtilis is one of the major organisms in biotechnology, suggesting that genome-reduced strains may also serve as a chassis for novel applications.
CONSIDERATIONS FOR THE DEFINITION OF THE GENE SET FOR A MINIMAL CELL
Several independent sets of information serve as the basis to define which genes are required for a viable minimal cell. First of all, this is the set of essential genes. These genes were identified for B. subtilis in 2003 (30) . In addition, large dispensable regions of the chromosome have been studied, resulting in the identification of novel essential and coessential genes (31) . A recent reevaluation of the essential genes of B. subtilis revealed that several metabolic genes involved in glycolysis and the tricarboxylic acid cycle originally listed as essential could be removed from the list. With the exception of the ylaN gene, all other genes of unknown function could also be removed from the list (32, 33) . Moreover, recent studies indicated that the ycgG and yfkN genes as well as the rny gene, encoding RNase Y, are also dispensable (28, 34 ; our unpublished data). The current list of 251 essential protein-coding genes is available in the SubtiWiki database (http://subtiwiki.uni -goettingen.de/wiki/index.php/Essential_genes) (33) .
The essential genes are by definition only those genes that cannot be deleted as single genes under defined optimal growth conditions (for B. subtilis, lysogeny broth [LB] with glucose at 37°C). Moreover, a recent knockdown study of essential B. subtilis genes showed that the encoded proteins are also very important for outgrowth from stationary phase, adding another level of relevance (35) . However, many genes are redundant, and cellular functions can be achieved in completely different ways. The former is the case for DNA polymerase I (PolA) and its paralog YpcP or the diadenylate cyclase CdaA and one of the paralogs DisA and CdaS (36, 37) . Moreover, the same function may even be fulfilled by unrelated proteins, as observed for the membrane anchors for the Z-ring protein for cell division, FtsZ. In E. coli, the essential FtsA protein serves as a membrane anchor for FtsZ. Why FtsA is nonessential in B. subtilis has been enigmatic for a long time. Only the discovery of the unrelated alternative membrane anchor SepF provided the answer (38) . Finally, alternative pathways may lead to the same results. This is obvious in the acquisition of cellular building blocks such as amino acids and nucleotides. These metabolites can be either synthesized in the cell or taken up from the medium. In any case, none of the involved genes would be classified as being essential. In all these cases, a decision has to be made regarding which of the possible alternatives will be included in the minimal gene set. Accordingly, the gene complement of a minimal organism has to be designed according to essential functions.
If B. subtilis possesses multiple genes for the same function, one of them has to be selected. The criteria for the selection applied in this study are as follows. (i) The final number of genes should be as small as possible. Therefore, it seems reasonable to include transporters rather than biosynthetic genes for the acquisition of building blocks whenever possible. (ii) In some functional categories, such as cell division, the deletion of a gene may have only a mild effect; however, combination with the deletion of a second, sometimes functionally unrelated gene may be lethal (see "Cell Division," below, for details). Therefore, such synthetic lethalities have to be considered. (iii) Prior decisions will have an impact on later selections. This is the case, for example, for cell wall-biosynthetic proteins (see below). (iv) Both gene expression and protein levels have been extensively studied in B. subtilis, and all these data are accessible in the SubtiWiki database (33, (39) (40) (41) . In case of doubt, the most strongly expressed protein has been chosen. (v) Finally, conservation of genes served as a criterion. More strongly conserved genes were preferred over less conserved genes. In this respect, gene conservation and essentiality in genome-reduced Mycoplasma and other mollicutes species and the inclusion of genes in the genome of M. mycoides JCVI-syn3.0 had a high priority (8, 10, 42) .
In many cases, it is not known whether a gene is truly required in the context of a minimal cell. In particular, this is the case for functions involved in RNA modification. In these cases, expression levels and gene conservation were valuable clues for deciding whether a gene should be included in the minimal gene list or not. Based on the list of the most abundant proteins (see http: //subtiwiki.uni-goettingen.de/wiki/index.php/Most_abundant _proteins) (33, 43) , we have decided whether there is a good reason to keep the corresponding genes or not. As an example, highly abundant enzymes required for amino acid biosynthesis were selected for deletion, whereas RNA chaperones were added. Similarly, genes conserved both in all mollicutes and in B. subtilis were regarded as being highly relevant for a minimal organism based on B. subtilis.
THE GENETIC COMPLEMENT OF A MINIMAL CELL
Based on the considerations explained above, we have selected 523 and 119 protein-and RNA-coding genes, respectively, as being important for a minimal organism that is capable of growing in LB medium supplemented with glucose at 37°C. Moreover, the growth and physiology of the minimal cell should be comparable to those of B. subtilis wild-type cells. B. subtilis has a generation time of about 20 min, whereas natural minimal organisms like M. mycoides and Mycoplasma pneumoniae divide in about 1 and 30 h, respectively. The minimal organism M. mycoides JCVI-syn3.0 has a generation time of 180 min (10, 44) . This slow growth of Mycoplasma cells is another reason to rely on B. subtilis as the basis for a minimal cell. Most likely, a reduction of the growth rate has to be expected; however, the set of genes suggested in this study should allow generation times of Ͻ1 h. As a consequence, the number of genes included in the list is much larger than that of essential genes in B. subtilis 168. Moreover, not all essential genes are required for a minimal cell since several essential genes fulfill protective functions that are dispensable if, e.g., prophages have been deleted (32) .
The genes of this minimal set satisfy all essential functions of the cell, such as information processing (DNA replication, transcription, and translation), metabolic pathways (metabolism of building blocks and cofactors and acquisition of ions, etc.), as well as cell division and integrity. Interestingly, there is a very good match between the genes in the MiniBacillus minimal gene set and those of M. mycoides JCVI-syn3.0 as far as information processing is concerned. In contrast, the two lists show only little overlap of genes required for metabolism, cell division, and protective functions. An overview of the set of genes required for MiniBacillus is provided in Table 1 . A model of the metabolism of the minimal cell is outlined in Fig. 1 , and details that include all metabolic pathways, reactions, and enzymes are provided in Fig. 2 to 11 . Detailed information on each individual gene can be found in Tables 2 and 3 and Table S1 in the supplemental material. Table 2 also shows whether the components proposed to be important in the frame of a minimal B. subtilis genome are also present in the recently published minimal strain M. mycoides JCVI-syn3.0.
DNA Replication and Chromosome Segregation/Maintenance
A set of 18 genes was selected as being important for DNA replication. Among these 18 genes are 15 essential genes, which are absolutely required for growth of B. subtilis. With the exception of the essential NAD-dependent DNA ligase LigA, all these essential proteins are members of one or both of the protein complexes that catalyze DNA replication, i.e., the primosome and the replisome (45, 46) . In addition to these essential proteins, we have added the replication termination protein Rtp, the inhibitor of DnaA oligomerization YabA, and the DNA polymerase I PolA to the list. Rtp is required for the correct termination of DNA replication and the subsequent segregation of daughter chromosomes (47) . YabA, on the other hand, controls replication initiation by inhibiting the oligomerization of the initiator protein DnaA (48) . Finally, DNA polymerase I fulfills an essential function, the removal of RNA primers that initiate the synthesis of Okazaki fragments. This function can be taken over by the paralog YpcP, and one of the two proteins has to be present for viability of B. subtilis. While YpcP has only the 5=-to-3= exonuclease domain required for the removal of RNA primers, polymerase I is also capable of filling the resulting gaps (49) . This additional property as well as the genetic linkage with the mutM gene, which is necessary for DNA integrity (see below), suggested that PolA should be kept in the minimal genome. Interestingly, B. subtilis needs either PolA or YpcP, whereas the M. mycoides minimal strain JCVI-syn3.0 encodes both proteins.
After DNA replication, the daughter chromosomes have to be efficiently distributed to the daughter cells. Moreover, correct chromosome condensation is essential for all biological processes that involve DNA. Chromosome segregation and condensation are highly overlapping functions; i.e., several of the proteins mentioned below are involved in both activities (for a review, see reference 50). This functional group encompasses 13 proteins, 9 of which are essential. Seven of the corresponding essential genes, but none of the nonessential genes, are present in the genome of M. mycoides JCVI-syn3.0. After the initiation of DNA replication, the newly formed origin regions are bound and separated by the condensin protein complex. The condensin complex is composed of two subunits of the Smc protein and monomers of ScpA and ScpB (51, 52) . The essential topoisomerase IV formed by ParC and ParE is required for both DNA condensation and segregation (53) . For the separation and segregation of the chromosome terminus, the DNA translocases SpoIIIE and SftA and the site-specific recombinases CodV and RipX are necessary. In principle, SpoIIIE and SftA as well as CodV and RipX are paralogous proteins, and one protein might be sufficient for each function. However, as we are aiming for a well-growing strain that is not significantly compromised in its major cellular functions, and as synergistic activities of these proteins were recently shown (54-56), we decided to keep all four genes. DNA topology is maintained by the interplay of gyrase and topoisomerase I activities, encoded by the essential gyrAB and topA genes, respectively (28, 57) . Moreover, the histone-like protein HBsu nonspecifically binds the DNA and is involved in DNA packaging (58) . 
Transcription
Eight proteins, among them five essential proteins, are required for transcription. Importantly, this activity requires the RNA polymerase, which consists of the essential core subunits (RpoA, RpoB, and RpoC) and sigma factor A (SigA) for promoter binding and recognition. Moreover, we have included the RNA polymerase-interacting protein HelD and the nonessential delta subunit (RpoE). HelD binding stimulates transcription in an RpoE-dependent manner, suggesting that these two accessory proteins are important to allow rapid growth (59, 60) . Interestingly, both proteins are absent from the rather slowly growing M. mycoides strain JCVI-syn3.0. Finally, GreA and the essential NusA protein are required for transcription elongation and termination, respectively (61, 62) . In contrast, the transcription termination protein Rho does not affect the growth of B. subtilis in rich medium (63) and therefore has not been included in the list.
mRNA Folding and Degradation
Once the RNA has been formed by the RNA polymerase, it has to adopt a structure that is compatible with its function. The rRNAs and tRNAs adopt complex three-dimensional structures, whereas the mRNAs have to be unstructured to allow access to the ribosomes. Bacterial cells have to adapt very rapidly to changes of external conditions. A major component of this rapid adaptation is the rapid degradation of bacterial mRNAs, which have average half-lives in the minute range. RNA degradation is accomplished Functionally related pathways are grouped in boxes. Details on all reactions and enzymes are provided in Fig. 2 by a set of RNases (64) . In total, six proteins are required for the proper folding and degradation of RNA. To keep RNA molecules unstructured, the cell possesses so-called RNA chaperones. Two of these RNA chaperones, CspB and CspD, belong to the most abundant proteins in B. subtilis during growth in LB medium with glucose at 37°C (43, 65) . Moreover, cspD is also one of the most highly expressed genes of B. subtilis under more than 100 different conditions (39) . These data suggest that these RNA chaperones should be included in the minimal cell. In contrast, we decided to exclude all DEAD-box RNA helicases since B. subtilis has no growth defect even in the absence of all four helicases at 37°C (66) . Conflicting reports are available for RNases in B. subtilis. The endoribonuclease RNase Y and the 5=-to-3= exonuclease RNase J1 have long been considered to be essential, whereas a recent report suggests that these proteins are dispensable (34, (67) (68) (69) . However, the strong expression of the corresponding genes suggests that they should be part of a minimal cell. The same is true for the 3=-to-5= exoribonuclease PnpA, which also belongs to the most abundant proteins. Moreover, PnpA has also been implicated in DNA repair (70) . Finally, we decided to include the nano-RNase NrnA, which degrades and thus recycles bi-and oligoribonucleotides (71) . This enzyme is conserved in all groups of mollicutes despite their significant genome reduction (42) . This strong conservation is suggestive of an important function and justifies the inclusion of this protein in the minimal cell. Moreover, RNases J1 and Y as well as the nano-RNase NrnA are also encoded by M. mycoides JCVI-syn3.0.
Translation
A large set of 133 proteins and 118 RNAs is required for translation. This includes aminoacyl-tRNA synthetases, ribosomal proteins, rRNAs, tRNAs, proteins involved in rRNA and tRNA modification and maturation, ribosome biogenesis factors, and translation factors. Twenty-four proteins constitute the set of 20 aminoacyl-tRNA synthetases (72) . With the exception of ThrS, the threonyl-tRNA synthetase, all of these enzymes are essential in B. subtilis. ThrS has a weakly expressed paralog, and one of these proteins is required for the viability of B. subtilis (36) . Similarly, the enzyme for tyrosine, TyrS, has a paralog. However, this paralog is not expressed under the most common conditions, rendering TyrS essential (73) . It should be noted that the aminoacyl-tRNA synthetases for glycine and phenylalanine are composed of two subunits, and the transamidosome for the formation of glutamine-tRNA is composed of the three subunits (GatA, GatB, and GatC) of the glutamyl-tRNA(Gln) amidotransferase, the glutamyl-tRNA synthetase GltX, and glutamine-specific tRNA (74) . In the artificial minimal organism M. mycoides JCVI-syn3.0, there are no paralogs of the genes encoding the aminoacyl-tRNA synthetases for glycine and proline. It is tempting to speculate that these functions are fulfilled by some of the 149 unknown proteins encoded by this genome.
The B. subtilis ribosome consists of 53 proteins under standard conditions, among them 33 and 20 in the large and small subunits, respectively. Several of these proteins are nonessential; however, this has been tested only with single-gene inactivation (75) . It is therefore conceivable that the simultaneous lack of multiple ribosomal proteins would have a significant impact on viability. In addition, B. subtilis encodes auxiliary ribosomal proteins that are synthesized only under stress conditions or that replace zinc-containing proteins during zinc limitation (76) (77) (78) . All these proteins were excluded from the list ( Table 2 ). The genome of the artificial organism M. mycoides JCVI-syn3.0 lacks genes for the essential protein L30 (RpmD) as well as those for 10 nonessential ribosomal proteins, mainly of the large ribosomal subunit.
B. subtilis has 10 operons for rRNA. All these operons also contain genes for tRNAs. Moreover, several tRNAs are encoded by scattered genes. It is well established that the redundancy of rRNAs and tRNAs is an important determinant of the growth rate (79); therefore, we included all 30 and 86 genes encoding rRNAs and tRNAs, respectively, in the minimal genome. However, reduction of the copy numbers of rRNA and tRNA genes remains to be explored to achieve a robust minimal translation machinery.
To be functional, rRNAs and tRNAs have to be processed and modified. In the minimal gene set, we include 31 proteins and 1 RNA for rRNA and tRNA maturation/modification, respectively. Since the functional RNAs are usually expressed as parts of large operons, proper processing is the first important step in their maturation. It should be noted that RNases Y and J1 (see above) participate in the processing and maturation of these functional RNA molecules (80, 81) . Moreover, RNases P, PH, and Z are involved in rRNA and tRNA processing. Of these, RNase P (composed of a protein and the catalytically active RNA component) and RNase Z are essential (82, 83) . In addition, RimM and RbfA are important for ribonucleolytic 16S rRNA maturation (84, 85) . rRNAs and tRNAs are subject to multiple and highly diverse modifications, including methylation, thiouridylation, and pseudouridylation. The modification of tRNAs is one of the functions that still needs substantial research effort. The proteins important for these activities have been derived from the SubtiWiki database and from a recent study on the minimal translation apparatus (33, 42) . As shown in Table 2 , there is a good match with the corresponding set of genes in M. mycoides JCVI-syn3.0 (10).
Nine proteins, including six essential proteins, are involved in ribosome maturation and assembly. The three nonessential proteins process or modify ribosomal proteins. The six essential proteins are all GTPases that participate in different aspects of ribosome assembly (86, 87) . Four of the genes encoding these essential GTPases are also part of the genome of M. mycoides JCVI-syn3.0.
Eleven proteins function as translation factors in different steps of translation, i.e., initiation, elongation, peptide chain release, and ribosome recycling. Of these proteins, nine are essential. Of the nonessential proteins, Efp is important for the efficient translation of proteins containing multiple consecutive proline residues, among them three essential proteins (Fmt, TopA, and ValS) (see http://subtiwiki.uni-goettingen.de/wiki/index.php/Efp -dependent_proteins) (33, 88, 89) . With the exception of peptide chain release factor 2 (PrfB), but including elongation factor P (Efp), all of these proteins are encoded by the genome of M. mycoides JCVI-syn3.0.
In addition, five proteins and one RNA are important for translation. These include the essential methionine aminopep- (Fig. 10) . The following metabolic intermediates that occur in other pathways are labeled in blue: phosphoenolpyruvate (PEP) (Fig. 4 and 10 ), glucose-6-phosphate (Glucose-6-P) (Fig. 6 ), fructose-6-phosphate ( Fig.  10 ), glyceraldehyde-3-phosphate (GAP) ( Fig. 7 and 10 ), dihydroxyacetone phosphate (DHAP) (Fig. 6 ), 3-P-Glycerate (Fig. 4) , pyruvate ( tidase, which removes the N-terminal methionine from nascent proteins (90) . In addition, transfer-messenger RNA (tm-RNA) and its binding protein rescue stalled ribosomes, whereas the essential peptidyl-tRNA hydrolase SpoVC recycles tRNA molecules sequestered as peptidyl-tRNA as a result of premature dissociation from the ribosome (91) (92) (93) . The precise functions of YwkE and YbxF still have to be discovered. YbxF binds to turns in RNA molecules and is very strongly expressed under most conditions (33, 39, 94) .
Protein Secretion
Several proteins of the minimal cell have to be targeted either to the membrane or for secretion into the medium. For this activity, the minimal cell needs a set of 12 proteins (5 of them essential) and 1 essential RNA for protein secretion (Fig. 2) . The first component in cotranslational targeting of the membrane and secreted proteins is the universally conserved signal recognition particle composed of the essential RNA scr, the essential protein Ffh, and FtsY (95) (96) (97) (98) (99) . The next step in protein translocation is performed by the chaperone CsaA and by the translocation motor SecA, which provides the energy for the export of unfolded secretory precursor proteins through the channel formed by SecYEG (100-102). Alternatively, YidC2 can translocate the preproteins through the membrane. In B. subtilis, YidC2 has a paralog, SpoIIIJ, and one of the two proteins is required for viability (36, 103, 104) . We included YidC2 since this protein is also important for genetic competence (105) (see below). For secreted proteins, the signal peptide is then cleaved off by signal peptidase I (SipS) (106, 107) . In the case of lipoproteins, the protein is diacylglyceryl modified by Lgt for attachment to the membrane, and signal peptide cleavage is subsequently performed by LspA (108) (109) (110) . Proper folding of extracellular proteins is assisted by the posttranslocation chaperone PrsA, a lipoprotein attached to the outer surface of the cytoplasmic membrane (111, 112) . B. subtilis also possesses the TAT (twin arginine translocation) and type VII protein secretion systems. However, these systems are not essential in a minimal cell (113) (114) (115) . Interestingly, the reduced genome of M. mycoides JCVI-syn3.0 encodes only the signal recognition particle, the translocation motor SecA, and an incomplete Sec channel. Importantly, this minimal organism seems to lack enzymes for the export and membrane attachment of lipoproteins. It is tempting to speculate that these functions are encoded by some of the unknown genes, since lipoprotein-dependent metabolite uptake is crucial for Mycoplasma bacteria with their strongly reduced metabolism. This is the case not only for artificially genome-reduced bacteria but also for natural Mycoplasma species. In M. pneumoniae, lipoproteins account for about 10% of all encoded proteins (116, 117) . Moreover, many of the 149 unknown genes in the minimal genome of M. mycoides JCVI-syn3.0 encode lipoproteins (10).
Intracellular Chaperones, Protein Quality Control, and Proteolysis
To be active, proteins have to be properly folded, and misfolded proteins need to be detected and then be refolded or degraded. These activities can be performed by a set of seven proteins, including two essential proteins. The universally conserved chaperone DnaK with its cochaperones DnaJ and GrpE, the trigger factor Tig, as well as the universally conserved essential chaperonin GroES/GroEL are important for the folding of intracellular proteins (118, 119) . It should be noted that DnaK, its partners, and Tig are nonessential in B. subtilis; however, the corresponding genes are highly expressed, and they are conserved among the genome-reduced mollicutes. Of note, the nonessential DnaK/ DnaJ chaperone is also present in M. mycoides JCVI-syn3.0, whereas the universally conserved essential GroES/GroEL chaperonin is not (10) . In addition, viability of B. subtilis requires the presence of one intramembrane quality control protease, and we selected HtrB for this activity (120, 121) .
Central Carbon Metabolism
Central carbon metabolism is at the heart of any cellular metabolism. We have selected 26 proteins (among them 4 essential proteins) for this function. Glycolysis provides the cell with precursors for further metabolic pathways, ATP for substratelevel phosphorylation, and reducing power to drive respiration (see Fig. 1 and 3 for details). Moreover, the pentose phosphate pathway generates reducing power for anabolic reactions, erythrose-4-phosphate as a precursor for chorismate synthesis (Fig. 3) , and ribose-5-phosphate for the synthesis of nucleic acids. To generate acetyl coenzyme A (acetyl-CoA) for lipid biosynthesis, pyruvate dehydrogenase is required (122, 123) . Moreover, the acetyl-CoA synthetase recycles the acetate derived from cell wall biosynthesis (124) (Fig. 3 and 10 ) (see below). Both glycolysis and the pentose phosphate pathway generate a large amount of reducing power. NAD ϩ can be regenerated in respiration, and the YtsJ/MalS transhydrogenation cycle is used for balancing NADPH ϩ levels ( Fig. 3 ) (125) . The minimal cell does not need the citric acid cycle. This pathway can be completely deleted in B. subtilis (our unpublished results). The minimal organism M. mycoides JCVI-syn3.0 encodes the enzymes for glycolysis but only a strongly reduced set (three out of seven) enzymes of the pentose phosphate pathway. Moreover, these cells lack the citric acid cycle. The absence of a full pentose phosphate pathway and of the citric acid cycle is characteristic of the reduced metabolism of Mycoplasma species and reflects their reliance on the uptake of nutrients from the environment (117) . Interestingly, of the glycolytic enzymes, the classical fructose 1,6-bisphosphate aldolase is missing in M. mycoides JCVI-syn3.0. The cleavage of fructose 1,6-bisphosphate may be catalyzed by the paralogous IolJ aldolase in these bacteria. It is worth noting that the nearly complete match of the gene sets for glycolysis in the suggested MiniBacillus genome and in M. mycoides JCVI-syn3.0 is exceptional among all metabolic pathways.
Respiration/Energy
ATP production is achieved efficiently by the generation of a proton motive force in respiration and its subsequent use to drive ATP synthesis. A total of 16 proteins are involved in these processes, among them 2 essential proteins (Fig. 3) . NADH 2 from glycolysis is reoxidized by the respiration chain consisting of NADH dehydrogenase, menaquinone, and the terminal heme-copper cytochrome aa 3 oxidase. It is important to note that B. subtilis is unable to live under aerobic conditions in the absence of both terminal quinol oxidases (126) . We have selected this respiration chain because it is a minimal chain and because the selected terminal oxidase is capable to pumping protons to energize the membrane. Moreover, loss of the heme-copper cytochrome aa 3 oxidase results in impaired growth (126) . Next, the multisubunit ATPase uses the proton gradient to provide the cell with ATP. Interestingly, several subunits of the ATPase in M. my- glyceraldehyde-3-phosphate (GAP) (Fig. 3 and 10) , ribose-5-phosphate ( Fig. 3 and 5) , S-adenosylmethionine (SAM) (this figure), phosphoribosyl pyrophosphate (PRPP) (Fig. 5) , methyltetrahydrofolate (Methyl-THF) (Fig. 4 and 5) , tetrahydrofolate (THF) (Fig. 4 and 8) , and coenzyme A (CoA) (Fig. 3, 6 , and 9). PLP, pyridoxal phosphate; FMN, flavin mononucleotide; FeS, iron-sulfur cluster; 3-Methyl-2-OB, 3-methyl-2-oxobutanoate.
coides JCVI-syn3.0 seem to be too poorly conserved with those of B. subtilis to allow detection by sequence comparison.
Amino Acids
Acquisition of amino acids is one of the major activities of any living cell. This can be achieved by either the uptake of external amino acids, the uptake and subsequent degradation of peptides, or the biosynthesis of amino acids. As biosynthesis usually involves significantly more proteins than does uptake, we included mainly transport systems for amino acids in the list (see also Fig. 1 and 4 for details). Exceptions are the biosyntheses of alanine, glycine, serine, phenylalanine, tyrosine, asparagine, and glutamine. The single glycine biosynthetic enzyme (serine hydroxymethyltransferase [GlyA] ) is essential, suggesting that B. subtilis has to synthesize this amino acid. For alanine, serine, asparagine, and the aromatic amino acids, no transporter is known. For glutamine, biosynthesis requires only one enzyme (glutamine synthetase [GlnA]), and the only known glutamine transporter is composed of several subunits and is expressed only during sporulation. Among the 30 proteins that are required for amino acid acquisition in the frame of the MiniBacillus genome, only 2 (the essential GlyA protein and a cysteine transporter) are also present in M. mycoides JCVI-syn3.0, suggesting that this organism acquires amino acids in a completely different way. Likely, the latter organism relies on the transport and intracellular degradation of oligopeptides to obtain amino acids (10) . (Fig. 4 and 9 ), 4-aminobenzoate (pABA) (this figure), pyruvate (Fig. 3, 4 , 9, and 10), tetrahydrofolate (THF) (Fig. 4 and 7) , formyltetrahydrofolate (Formyl-THF) (Fig. 5) , farnesyl pyrophosphate (farnesyl-PP) (Fig. 10) , and heme O (Fig. 3) . DHF, 7,8-dihydrofolate.
FIG 9
Acquisition of cofactors. The following metabolic intermediates that occur in other pathways are labeled in blue: chorismate ( Fig. 4 and 8 ), 2-oxoglutarate (2-OG) (Fig. 4) , pyruvate (Fig. 3, 4, 8 , and 10), coenzyme A (CoA) (Fig. 3, 6 , and 7), and menaquinone (Fig. 3) .
Nucleotides/Phosphate
Complex media like LB cannot meet the demand of B. subtilis for nucleotides (R. Switzer, personal communication). Therefore, the minimal cell has to carry 35 genes for nucleotide de novo synthesis. Of these genes, 11 are essential. Both purine and pyrimidine biosyntheses are initiated by the synthesis of phosphoribosylpyrophosphate from ribose-5-phosphate (catalyzed by the essential and universally conserved phosphoribosylpyrophosphate synthetase Prs). The pathways of nucleotide biosynthesis are schematically shown in Fig. 1 (for more details, see Fig. 5 ). The pyrimidine and purine nucleotide biosynthetic pathways converge with the reduction of ribonucleotides by the NrdEIF complex and the final formation of nucleoside triphosphates by the nucleoside diphosphate kinase Ndk (127) . For one of the essential proteins implicated in nucleotide biosynthesis, HprT, the reason for its essentiality is unclear (128) .
One protein is required for phosphate acquisition. Pit is a constitutively expressed low-affinity phosphate transporter (Fig. 2) .
Lipids
Lipid biosynthesis is an essential function in most bacterial cells. The pathway starts with the carboxylation of acetyl-CoA derived from glycolysis ( Fig. 1) and ends with the addition of a so-called head group to phosphatidic acid. Fatty acid biosynthesis is an essential process in nearly all bacteria, but this pathway is lacking in Mycoplasma species (129) . Accordingly, fatty acid biosynthetic genes are absent from the minimal genome of M. mycoides JCVIsyn3.0. These organisms rely on fatty acid acquisition from their hosts or the provided complex medium (10) . In total, this pathway requires 19 genes (Fig. 6) . With the exception of fabHA and fabI, all of these genes are essential in B. subtilis. The two nonessential genes in this pathway have functional paralogs, and it is known that the encoded functions are essential; i.e., one of the paralogs has to be present (36) . The pathway is initiated by the synthesis of malonyl-CoA from acetyl-CoA by the four-subunit enzyme complex acetyl-CoA carboxylase. It should be noted that AccB, one of the proteins of this complex, needs to be biotinylated by the essential biotin protein ligase BirA (130) . After the formation of acetoacetyl-acyl carrier protein (ACP), the cycle of consecutive fatty acid elongation involves FabG, YwpB, FabI, and FabF. The formation of phospholipids is initiated by the replacement of the acyl carrier protein by a phosphate group and the subsequent addition of glycerol-3-phosphate. After the addition of the second fatty acid, the head group is attached to form phosphatidylglyc- (Fig. 3, 4 , 8, and 9), glyceraldehyde-3-phosphate (GAP) (Fig. 3 and 7) , isopentenyl pyrophosphate (isopentenyl-PP) (this figure), farnesyl pyrophosphate (farnesyl-PP) (Fig. 8) , undecaprenyl phosphate (Fig. 11 ), fructose-6-phosphate (Fig. 3) , acetyl-CoA ( Fig. 3 and 6) , UDP-N-acetylglucosamine (UDP-GlcNAc) (Fig. 11) , phosphoenol pyrophosphate (PEP) (Fig. 3 and 4) , and acetate (Fig. 3) . UDP-MurNAc, UDP-N-acetylmuramic acid; DAP, diaminopimelate.
erol. It should be noted that the enzyme catalyzing the final reaction of the pathway, the dephosphorylation of phosphatidylglycerol phosphate, has not yet been identified in B. subtilis. The lipids of B. subtilis 168 contain up to five different head groups (131) . However, it has been established that membranes consisting of only phosphatidylglycerol do not confer any growth disadvantages (131) . Therefore, we decided to keep only this head group.
Cofactors
B. subtilis needs 11 distinct cofactors, i.e., NAD, flavin adenine dinucleotide (FAD), pyridoxal phosphate, biotin, thiamine, lipoic acid, coenzyme A, S-adenosylmethionine, folate, heme, and menaquinone. For some of these molecules, their acquisition is possible by uptake and biosynthesis. For the minimal cell, we have chosen to include uptake whenever possible (nicotinate and riboflavin as precursors for NAD and FAD, respectively; biotin; and thiamine) (see Fig. 1 and 7 to 9 for details). As a result, 62 proteins are required for the acquisition of cofactors. Of these proteins, those necessary for the synthesis of NAD from nicotinate, the two subunits of the pyridoxal-5-phosphate synthase, the lipoic acid synthase, the enzyme for the final step of CoA synthesis, the S-adenosylmethionine synthetase, the dihydrofolate reductase, and the enzymes for menaquinone synthesis are essential (a total of 14 proteins). It is worth noting that MenH, an enzyme of the menachinone biosynthetic pathway, was recently shown to be dispensable (132, 133) . While none of the cofactor biosynthetic pathways are present in Mycoplasma species, and thus are also lacking in M. mycoides JCVI-syn3.0, this minimal genome possesses all three general components of the so-called ECF (energy-coupling factor) transporters that are capable of transporting several cofactors (10) . The substrate-specific S proteins for these transporters are generally poorly conserved and barely detectable in sequence comparisons (134, 135) .
Metals and Iron-Sulfur Clusters
Many enzymes and proteins need metal ions for activity. Moreover, potassium and sodium are important for the osmotic stability of the cell. The minimal B. subtilis cell has to transport sodium, potassium, iron, magnesium, manganese, zinc, and copper ions. With the exception of iron, we have included one transporter (usually of low affinity) for each ion. For iron uptake, the minimal cell should possess the EfeUO system for elemental iron uptake and the iron-citrate ABC transporter YhfQ-YfmCDEF (136, 137) . Sodium is imported by amino acid-sodium symporters. It has to be exported by the Mrp complex (138) (Fig. 2) . Surprisingly, in the genome of M. mycoides JCVI-syn3.0, only a potassium transporter and two putative transporters for magnesium have been annotated (10) . The identities of other metal transporters in the minimal cell thus remain unclear.
Many proteins involved in redox reactions need iron-sulfur clusters for their activity. The synthesis of these clusters from cysteine and ferrous iron and their attachment to proteins involve seven proteins, five of which are essential and are therefore included ( Fig. 7 ) (139).
Cell Wall Biosynthesis
Cell wall biosynthesis is intimately linked to cell division. First, we briefly discuss the set of enzymes that is involved in catalytic activities for the cell wall components, the peptidoglycan, and the teichoic and lipoteichoic acids. Fifty-five proteins (43 essential proteins) are required for these pathways.
Peptidoglycan synthesis starts with the synthesis of glucosamine-6-phosphate from glutamine and fructose-6-phosphate (140) . The next important intermediate is UDP-N-acetylglucosamine (UDP-GlcNAc). This compound is converted to UDP-Nacetylmuramic acid, to which the 5 amino acids of the peptide are subsequently attached. The peptide contains three unusual amino acids, D-glutamate, meso-diaminopimelic acid, and D-alanine, which have to be provided by the action of racemases (D-Glu and D-Ala) or by a biosynthetic pathway starting from aspartate. The enzyme MraY replaces the activating UDP moiety by undecaprenyl phosphate, which has to be synthesized starting from pyruvate and glyceraldehyde-3-phosphate (see Fig. 1 and 10 for details) . N-Acetylglucosamine is added to give rise to a molecule called lipid II (141) . Owing to the undecaprenyl phosphate moiety, this molecule can integrate into the membrane and is then flipped to the outer side by the action of a flippase, MurJ. Most of the enzymes participating in the pathways mentioned above are essential. MurJ is an exception, as B. subtilis also possesses the weakly expressed functional paralog Amj (142) .
Lipid II is the functional unit of peptidoglycan polymerization driven by the penicillin-binding proteins (141) . These proteins catalyze the consecutive elongation of the peptidoglycan chain as well as the introduction of cross-links between the peptides. Moreover, autolysins are necessary to introduce breaks in the molecule that serve as targets for the introduction of new material. Penicillin-binding proteins and autolysins are present with several paralogs in B. subtilis. For the minimal cell, we have selected penicillin-binding proteins 1 (PonA), 2B (PbpB), and 2A (PbpA) and the autolysins LytE and LytF (143-147). As outlined above, this selection was made according to their expression profiles and the dependence on other proteins. As an example, there is a functional paralog of LytE, CwlO (148) . For the activity of CwlO, B. subtilis (Fig. 10) , UDP N-acetylglucosamine (UDP-GlcNAc) (Fig. 10) , CDPglycerol (this figure) , and glycerol-3-phosphate (G3P) (Fig. 6) . UDPManNAc, UDP-N-acetylmannosamine. also needs the ABC transporter FtsEX and the small protein Mbl (149) . Thus, the choice of LytE allowed a smaller number of genes. Another essential component of the Gram-positive cell wall is teichoic acids. In B. subtilis, these molecules can be attached to either peptidoglycan or the membrane via a lipid anchor.
Wall teichoic acid is polyglycerol phosphate attached to the peptidoglycan via a disaccharide anchor (150) . The pathway is initiated by the synthesis of the anchor from undecaprenyl phosphate and activated N-acetylglucosamine and N-acetylmannosamine (UDP-GlcNAc and UDP-N-acetylmannosamine [UDP-Man- NAc]). Glycerol is activated by the synthesis of CDP-glycerol. This compound serves as the substrate for the initial addition of glycerol to the undecaprenyl phosphate-carrying disaccharide and then for consecutive rounds of chain elongation. The polymer is then exported by the TagGH ABC transporter and is finally attached to peptidoglycan by TagU (Fig. 11 ) (150) . Lipoteichoic acid (LTA) is polyglycerol phosphate attached to the membrane via a ␤-diglucosyl-diacylglycerol anchor. This anchor is synthesized from glucose-6-phosphate and diacylglycerol by the enzyme UgtP (151) . This anchor has to be flipped to the outside of the membrane by an as-yet-unknown flippase. The lipoteichoic acid synthase LtaS then processively adds glycerol phosphate moieties using phosphatidylglycerol, the building block of the lipid bilayer, as the substrate. This reaction releases toxic diacylglycerol, which is recycled by the essential diacylglycerol kinase DgkB to phosphatidic acid, which is used for the synthesis of phosphatidylglycerol (see above) ( Fig. 6) (32, 152, 153 ).
Cell Division
Twenty-two proteins are necessary for the functions of cell division and cell shape determination. Of these proteins, nine are essential. Most of these proteins are part of several large protein complexes, i.e., the divisome, which links cell division to cell wall synthesis, and the elongasome, which recruits the cell wall biosynthetic enzyme to the lateral cell wall. Accordingly, cell wall biosynthetic enzymes (see above) are part of these complexes. This is the case for MraY, MurF, MurG, and penicillin-binding proteins 1 and 2B (PonA and PbpB, respectively), which are part of the divisome and/or the elongasome (154, 155) . To achieve the correct placement of the division site, DivIVA in concert with the proteins of the Min system prevent the formation of the Z ring close to nascent division sites and cell poles (156, 157) . Finally, WalJ coordinates cell division and DNA replication (158) . Interestingly, the essential tubulin-like cell division initiation protein FtsZ has long been regarded as being present in all organisms. However, this protein is absent in some Mycoplasma species and is nonessential in those Mycoplasma species that encode it (159). Accordingly, FtsZ is also not encoded in the genome of M. mycoides JCVIsyn3.0 (10). Moreover, FtsZ is dispensable in B. subtilis L-form cells that are capable of growing without a cell wall (160, 161) . However, as these cells grow very slowly and are fragile, we deemed the FtsZ-dependent cell division pathway essential in the context of the MiniBacillus genome.
Signaling in Cell Division
As in other bacteria, most signal transduction systems of B. subtilis are dispensable. This is the case for all alternative sigma factors as well as for classical transcription repressors and activators. However, there are two notable exceptions, and they are both involved in cell wall metabolism and cell division. The WalRK two-component regulatory system in B. subtilis and related Gram-positive bacteria is the only two-component system known to be essential. This system allows the expression of genes for cell division and the synthesis of wall teichoic acid, such as lytE, mreBH, ftsZ, and the tag genes (162, 163) . Moreover, cyclic di-AMP (c-di-AMP) is a unique essential second messenger. The precise reason for the essentiality of this nucleotide is unknown, but c-di-AMP has been implicated in cell division and cell wall biosynthesis (164, 165) . Interestingly, c-di-AMP is not only essential but also toxic if it accumulates (166) . Therefore, CdaA was selected among the three diadenylate cyclases in B. subtilis, and GdpP was selected as one of two phosphodiesterases that degrade the second messenger c-di-AMP.
Integrity of the Cell (Protection and Genome Integrity)
All the functions discussed above are essential for the minimal cell. However, a minimal organism also needs activities that are not per se essential but that help to keep and protect the integrity of the cell. This involves protection against toxic metabolites and intermediates as well as against damage caused by oxygen (Fig. 2) . In addition, the genome of the minimal cell has to be sufficiently stable. For this purpose, proteins involved in DNA repair and genome integrity are important components of any minimal cell that is intended for stable reproduction. In the list of required proteins, we have included eight proteins for protection and genome integrity.
Additional Proteins of the Minimal Cell
There are 11 additional proteins that may be important for a minimal cell. Two of these proteins (PpaC and YlaN) are essential, but their precise function is not known. Moreover, based on our own experimental data and those of colleagues, YitI, YitW, and YqhY are important for viability (P. Dos Santos, personal communication; our unpublished results). Four proteins (YkwC, YlbN, YpfD, and YugI) are very strongly expressed (39) and therefore certainly of vital importance. FloT is involved in the control of membrane fluidity, and the loss of both flotillin-like proteins is known to result in severe defects in cell morphology and transformation (167) . Finally, the nonessential GTPase YyaF is highly conserved in Gram-positive bacteria, even among all groups of mollicutes (42) . Due to its GTPase activity, it is tempting to speculate that YyaF plays a role in ribosome assembly or in translation. 
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Open Questions
Even though B. subtilis is one of the best-studied and best-understood organisms, there are still gaps in our knowledge. These gaps pose serious challenges to any minimal genome project. Several of these uncertainties are mentioned above. In particular, we have identified gaps in the pathways of phospholipid biosynthesis (the final phosphatase) and lipoteichoic acid synthesis (the flippase for the membrane anchor). Concerning phosphatase, there are several uncharacterized phosphatases encoded in the B. subtilis genome, leaving room for further research.
A general uncertainty is the disposal of toxic or harmful compounds. Even though we have included eight proteins for this activity, this list may be far from being complete. Another function with significant gaps in our knowledge is RNA modification. While our list is based on current knowledge, it is possible that not all of these modifications are truly essential. Moreover, some modifications might become important if other modifications are lacking due to the absence of the responsible enzymes.
Finally, only little is known about essential noncoding RNAs and essential structural DNA regions in B. subtilis. The importance of these features has been uncovered in a recent saturatingmutagenesis study with M. pneumoniae (8) .
A MODEL OF MiniBacillus METABOLISM
The selection of functions, genes, and pathways presented above is like a bet. To ensure that this set allows the cell to function, we have developed a model of its metabolism. This model is schematically depicted in Fig. 1 , and details are provided in Fig. 2 to 11 . With this compilation of metabolic pathways, it becomes obvious that all metabolites that are needed as precursors are produced from simple building blocks. These molecules in turn can be obtained from the medium. On the other hand, all compounds that are produced in the pathways and that are not needed in other reactions are disposed of by specific reactions and pathways.
MiniBacillus AS A STARTING POINT TO DISCOVER AND STUDY NOVEL ANTIMICROBIAL DRUG TARGETS
B. subtilis is closely related to many important pathogens, including Staphylococcus aureus, Listeria monocytogenes, and Streptococcus pyogenes. The genetic complement of MiniBacillus likely represents a set of highly important genes for all of these organisms, suggesting that this set is an excellent starting point to identify promising novel potential antimicrobial drug targets. Indeed, the conserved essential diadenylate cyclase was recently proposed to be a potential drug target, screening systems have been set up, and a first drug has been discovered (168) (169) (170) .
For drug targets, knowledge of the protein structure is highly beneficial to facilitate in silico screening of virtual compound libraries. Of all 523 proteins that are encoded by our proposed minimal genome, 471 (90.1%) have a known structure. This figure illustrates the huge progress made by structural biologists, especially in the framework of large structural genomic projects (171) . The unique combination of high structural coverage and excellent prior knowledge of the protein components of MiniBacillus makes the list of proteins presented in Table 2 a good starting point to identify novel potential targets. Moreover, the remaining 10% of the proteins are an important challenge for structural biologists.
Knowing all the structures of the proteins and even protein complexes of MiniBacillus not only is important in the context of the search for novel drugs but also is by itself a major scientific goal. With knowledge of the structure of all the components of a minimal cell, we can start making a real image of what is going on in the cell and thus become much closer to the answer of the old question, "What is life?"
EXPERIMENTAL APPROACH TO THE CONSTRUCTION OF MiniBacillus
To obtain a minimal cell, MiniBacillus, with the described set of genes, the top-down approach seems to be the most appropriate. Such an approach requires efficient systems for markerless gene deletions, which in turn indicates a need for a highly efficient genetic system. B. subtilis is known for its natural competence. This system is under the control of a central transcription factor, ComK. In order to be able to perform consecutive deletions, the genes involved in genetic competence have to be kept until the very end of the successive genome reduction process. Therefore, another set of 54 genes has to be considered (see Table S1 in the supplemental material). Optimally, expression of competence genes would occur not just in 10% of the population as in the B. subtilis wild-type strain but in all cells of a population. For this purpose, a supercompetent B. subtilis strain was recently engineered (172) . In this strain, the transcription factor ComK and ComS, a protein which prevents the proteolytic degradation of ComK, are expressed under the control of a strong mannitolinducible promoter.
Several systems have been proposed for the construction of markerless deletions. The Cre-Lox system is very efficient, and it has been adapted to B. subtilis (173) but has the disadvantage of leaving scars behind. Such scars would accumulate if dozens of deletions were performed. Alternative systems rely on the integration of genes, which become toxic under defined conditions with a deletion cassette. Counterselection then allows the rapid and specific loss of the cassette, i.e., the markerless deletion of the desired regions. Several counterselection systems have been implemented for B. subtilis. The most popular systems rely on the mazF RNase; the upp gene, which is counterselected in the presence of 5-fluorouracil; and the mannose transporter ManP, which generates toxic mannose-6-phosphate (19) . Using the latter system, a significant reduction of the B. subtilis genome was recently achieved (19, 174, 175) .
In B. subtilis, many important genes that are part of the minimal gene set listed in Table 2 are scattered on the chromosome. Therefore, defragmentation of such regions will facilitate the effective progress of a genome reduction program. For this defragmentation, desired fragments can be assembled and introduced into the chromosome by using, e.g., Gibson assembly or the ligase cycling reaction in combination with the markerless deletion methods mentioned above (176, 177) .
FINAL REMARKS
There is not a single solution for the question of a minimal genome, but there are many possible answers. To fully understand the functionality of living cells, minimal organisms based on different model organisms are required. Thus, the construction of M. mycoides JCVI-syn3.0 marks an important breakthrough, but with its large number of unknown genes, it cannot provide the full picture (10) . It will be essential to continue genome reduction projects with very different bacteria, yeasts, and even archaea to be able to finally draw a conclusion about the essence of life.
(For more information, see http://www.minibacillus.org/.)
